Direct injection compression ignition engines running on gasolinelike fuels have been considered an attractive alternative to traditional spark ignition and diesel engines. The compression and lean combustion mode direct injection of fuel eliminates throttle losses yielding higher thermodynamic efficiencies and the better mixing of fuel/air due to the longer ignition delay times of the gasoline-like fuels allows better emission performance such as nitric oxides (NOx) and particulate matter (PM). These gasoline-like fuels which usually have lower octane compared to market gasoline have has been identified as a viable option for the gasoline compression ignition (GCI) engine applications due to its lower reactivity and lighter evaporation longer ignition delay characteristics compared to diesel and lighter evaporation compared to gasoline fuel. The properties, specifications and sources of these GCI fuels are not fully understood yet because this technology is relatively new. In this work, a GCI fuel matrix is being developed based on the significance of certain physical and chemical properties in GCI engine operation. Those properties were chosen to be density, temperature at 90 volume % evaporation (T90) or final boiling point (FBP) and research octane number (RON) and the ranges of these properties were determined from the data reported in literature. These proposed fuels were theoretically formulated, while applying realistic constraints, using species present in real refinery streams gasoline-like fuels. Finally, three-dimensional (3D) engine computational fluid dynamics (CFD) simulations were performed for using the proposed GCI fuels and the similarities and differences were highlighted.
Introduction
The rapid increases in population and living standards in developing countries are expected to increase global demand for transportation energy at an annual rate of 1 -1.5% by 2050 [1] [2] [3] [4] . Despite strong growth in alternative energy and competing technologies (e.g. electric cars), traditional petroleum-based fuels are expected to be the major source of the transportation energy demand in the interim future, both for passenger and commercial transportation sectors [2] [3] [4] . Whilst, both proven and unproven crude reserves can meet this increased demand [4, 5] . A major concern of the utilization of fossil fuels is the emission of greenhouse gases (GHG) which impose significant burden on the environment. Therefore, regulatory authorities are enforcing stringent CO2 and tailpipe emissions regulations on the transportation sector. Thus, technology that accommodates overall lean burn combustion with extremely low emissions can help reducing the global energy demand and minimizing GHG emissions.
Various advanced compression ignition engines have been investigated as technologies that combine the best of gasoline and diesel engines. Combustion strategies such as homogeneous charge compression ignition (HCCI) [6] , reactivity-controlled compression ignition (RCCI) [7] [8] [9] , and partially-premixed compression ignition (PPCI) [4, [10] [11] [12] have sought to combine the benefits of the relatively lower complexity simple design of gasoline engines and their after treatment systems and the higher efficiencies of diesel engines. These engine technologies share some high-level characteristics even though the engine operating parameters such as timing and number of injections, fuel type, and air system requirements may differ. Compression ignition operation eliminates traditional engine knock observed in spark-ignition (SI) engines, and globally lean operation through direct injection (DI) eliminates throttling losses. At the same time, better greater mixing of fuel and air prior to combustion reduces soot production relative to the conventional mixing-controlled (diesel) combustion.
The enabling fuels for such GCI, partially premixed compression ignition (PPCI) and multiple premixed compression ignition (MPCI) combustion modes are generally in the gasoline boiling range. However, the specifications of the enabling fuel for this engine technology are not well defined. Many fuels with varying physical and chemical properties, such as ignition quality, distillation curve and chemical compositions, have been considered in previous works. These include conventional gasoline [3, [13] [14] [15] [16] [17] , conventional diesel [10, 13, [16] [17] [18] [19] [20] [21] , gasoline-diesel blends ("dieseline") [3, 20, [22] [23] [24] [25] , low-octane gasolines ("naphthas") [3, 4, 11, [13] [14] [15] [26] [27] [28] [29] [30] and reference fuel blends (composed of iso-octane, n-heptane, toluene) [3, 13, 15, 31, 32] . Compared to commercial gasoline and diesel fuels, blends of various refinery streams with low octane numbers (RON) in the 50-80 range have recently been considered attractive alternatives to provide suitable chemical characteristics (longer ignition delay than diesel) in GCI engines at lower production cost and well-to-tank CO2 emissions. Hao et al. [33] found that compared with the conventional pathway, the low-octane gasoline-GCI pathway leads to a 24.6% reduction in energy consumption and a 22.8% reduction in GHG emissions. Our research group in Saudi Aramco extensively investigated the combustion of various fuels in GCI engines [4, 11, 12, 26, [34] [35] [36] [37] [38] .
It is clear from literature that the properties (RON, MON, density, boiling range, etc. and …) of the fuel that is suitable for GCI or MPCI are not fully determined yet. Certain fuel properties could affect the performance of the engine because since GCI combustion greatly depends is dependent on mixture stratification and as well as chemical kinetics [11, 12, 34, [39] [40] [41] [42] . For example, some studies indicate that there are direct impacts of fuel distillation and aromatic content on the soot emissions of PPCI engines [20, 43] , while others report a minimal effect [34, 44] . The Aramco research group extensively investigated the effect of the fuel physical and chemical properties on GCI combustion and emissions [11, 12, 34, [39] [40] [41] . They have reported that the distillation characteristics and RON of the fuel are critical in GCI combustion. Kim et al. [45] studied the effects of some physical properties (density, vapor pressure, viscosity, surface tension, heat of vaporization and specific heat capacity) in a reaction fuel sprays. They found that density, viscosity, heat of vaporization and specific heat had significant impact on liquid penetration length. They also reported that specific heat and density significantly affected the ignition delay of the system. Lacey et al. [46] also studied the effects of the properties of gasoline refinery streams on the auto-ignition quality of a fuel and the HCCI combustion. They have observed that the fuel composition significantly affects the combustion phasings of gasoline fuels with the same RON and MON. They have proposed a new octane index (OI) correlation that accounts for the aromatics, olefins, saturates and ethanol contents in the gasoline. Nonetheless, most of the studies have shown that fuel reactivity, or homogeneous ignition delay, is an important parameter in optimizing the performance of PPCI engines over wide range of operating conditions.
The purpose of the current study is to propose a standardized GCI fuel matrix for research purposes. A similar methodology to what has already been done for Fuels for Advanced Combustion Engines (FACE) gasolines [47] was followed here. Eleven GCI fuels were proposed based on chosen targeted physical and chemical properties such as density, T90 and RON. Density was chosen as one of the important properties because it is proportional to the fuel consumption. T90 was considered because of its direct effect on the evaporation of the fuel which dictates its mixing with the in-cylinder air and hence combustion in the GCI mode. RON was chosen as a representative of the autoignition quality of the fuel. The proposed fuels were theoretically formulated and their properties were calculated. Finally, three-dimensional engine CFD simulations were performed to investigate the similarities and differences between the combustion and emissions of the proposed fuels in part-load GCI engine operation.
GCI Fuel Matrix

Proposed Matrix
Many previous studies have investigated the GCI combustion mode operating on fuels that are more reactive than commercial gasolines and have less reactivity compared to diesel fuels. These fuels are usually blended from various straight-run gasoline refinery streams. The research group at Saudi Aramco and its collaborators have extensively studied the combustion of many of these fuels in GCI engine operation at a wide range of operating conditions [4, 11, 12, 24, 26, 34, 35, 37, 38, 40, [48] [49] [50] . The specifications of these fuels are not regulated like the gasoline and diesel fuels. Therefore, the fuels used in the experiments are usually specific to the region, refinery or the load range of the studied engine.
The determination of the design parameters depends on the engine combustion mode and operating conditions. In spark ignition mode, it was previously shown that RON, sensitivity, aromatics and nparaffinic contents were chosen to be the design parameters because of their primary importance to the performance of advanced gasolinefueled spark ignited engines. This was used to propose and formulate the Fuels for Advanced Combustion Engines (FACE) gasolines [47] .
In HCCI mode, T90 is not critical because of the very early injections where the fuel completely evaporates and premixes with air long before combustion occurs. However, the charge cooling due to the latent heat of vaporization is important because the in-cylinder temperature and equivalence ratio distribution is the main controlling parameter in compression ignition mode. In high-load diffusion combustion mode, T90 and latent heat of vaporization are not essential because of the late injections which occur at high incylinder pressures and temperatures. These high pressures and temperatures cause instantaneous vaporization and ignition of the fuel. Perhaps, the viscosity of the fuel is an important design parameter at these engine conditions because it affects the spray exit velocities and hence the breakup, mixing and combustion. In this work, the partially premixed compression ignition (PPCI) where injections occur between -50 to -20 CAD aTDC is the targeted combustion mode. Previous PPCI engines studies revealed that the density [39], T90 (or final boiling point (FBP)) [34, 39, 41] and the RON [10, 13, 34, [48] [49] [50] [51] of the GCI fuel are more influential than other physical and chemical properties when it comes to in PPCI GCI engine operation. Other properties such as the heat of vaporization, lower heating value, hydrogen to carbon ratio, sensitivity, etc. might differently affect the PPCI combustion however, the density, T90 and RON were chosen to be the design parameters in this study. Therefore, the abovementioned properties are shown and discussed more than others in this work.
Subsequently, a three-dimensional matrix of the fuels that have been examined in GCI engines by the Saudi Aramco research group and its collaborators is shown in Figure 1 . As can be seen from Figure 1 , the physical and chemical properties of the tested fuels are scattered over across a wide range. This large scatter is mainly due to the unavailability of standard specifications for GCI engine fuels. Densities between 650 kg/m3 and 770 kg/m3, RON between 20 and 80 and T90 between 70ºC and 338ºC are observed from Figure 1 . Aramco fuels (AF) 16, 17 and 18 have octane numbers and boiling properties that are similar to diesel fuels and hence they are not included in the range covered in this study. The values of their properties (density, T90 and RON) are provided in Figure 1 .
Based on the relevant range observed in Figure 1 , eleven different GCI fuels were proposed and these along with the Aramco fuels are shown in Figure 2 . As can be seen from Figure 2 , the proposed GCI fuels enclose the Aramco fuels that are within the gasoline boiling and density ranges. The GCI fuels matrix is presented in Figure 3 . These GCI fuels were chosen in a systematic way where the effects of the individual targeted properties were isolated. The densities, T90s and RONs of the eleven proposed fuels are listed in Table 1 . Regarding RON, G1, G2 and G3 have the same T90 and density however they have RON values of 85, 60 and 40, respectively. The RON effect was examined at different densities and T90s. G8 and G9 also explore the RON effect but at lower densities compared to G1, G2 and G3. G7 and G10 also study the effect of RON but at lower densities and T90s compared to G1, G2 and G3.
Regarding the effects of density and T90, G1 and G9 paired up to isolate the density effect by having the same RON and T90. G9 and G10 paired up to isolate T90 by having the same RON and density. Five proposed fuels have RON of 60 but different physical characteristics for the same purpose of isolating the effects of the individual properties. The T90 effect was isolated through the combinations of G7/G8 and G2/G5. The density effect was isolated through the combinations of G2/G8 and G6/G7. G4 was proposed so that it has similar T90 to G5 and similar density to G6. In addition, G3 and G4 enclose one of the studied fuels (Aramco fuel #11) at 10/19/2016 RON of 40. Finally, G11 is standalone fuel which was chosen to be a representative of few of the Aramco fuels that had properties close to G11. 
Theoretical Fuel Matrix
The formulation of the eleven proposed GCI fuels with the properties listed in Table 1 was theoretically attempted. The following steps were followed:
Step 1: a database of species that are relevant to in the gasoline boiling range and are found in the detailed hydrocarbon analyses of conventional gasoline and gasoline-like (naphtha) fuels was generated. The detailed hydrocarbon analyses of few fuels in the gasoline boiling range and are contributors relevant to the gasoline blending process were considered for this database. Subsequently, a database of 134 different species were identified and their properties such as the density, T90 (and FBP) and RON were obtained from the gas chromatography (GC) database available at the research and development center in Saudi Aramco. Additional properties such as the molecular 10/19/2016 weight and MON were also included in the database for further analysis. This database was compiled in Excel. 2.
Step 2: the properties of the multi-component mixtures were calculated as follows,
(2) where and are the density and RON of the multicomponents mixture, represents the individual species is the species, is the total number of species in the mixture and is the mole fraction of species in the mixture. The linear-by-mole blending rule was used here to calculate the RON of the formulated mixtures. The linear-by-mole is a better representative than linear-by-volume to predict the octane numbers of multi-component mixtures. This was proven for toluene primary reference fuels (TPRF) [ developed a multi-variable detailed gasoline composition-base octane model. However, the linear-by-mole was chosen here because it was easier to be handled by the optimization solver. Also, the accuracy of the octane number prediction is not the main objective of this work.
3.
Step 3: the solver package in Microsoft Excel was used to calculate the volume fractions of species to match the target properties (density, T90 and RON) of the eleven GCI fuels. Constraints were applied when formulating the fuels. The aromatics and olefinic contents were forced to be less than 30 vol.% and 20 vol.%, respectively. The objective function of the solver was to minimize the cumulative error between the calculated and targeted properties listed in Table 1 .
Based on that, eleven theoretical fuels were formulated with properties that are close to the targeted ones. The compositional distributions of the formulated fuels in terms of n-paraffinic, isoparaffinic, aromatic, naphthenic and olefinic (PIONA) contents are is presented in Table 2 and Figure 4 . As can be seen from Figure 4 , most of the fuels are highly paraffinic (n-paraffins and iso-paraffins) except GCI 5 and eleven G11 where high concentrations of naphthenes are observed. The carbon number distribution of the eleven formulated fuels are also presented here. The composition of the formulated theoretical GCI fuels in terms of carbon numbers are listed Table 3 and presented in Figure 5 . It is clear that the fuels with lower densities such as G5, G6, G7, G8, G9, G10 and G11 contain high fractions of the low carbon numbers (C3, C4, C5 and C6). The rest of the fuels have a wide distribution of the carbon numbers C7 to C12. The detailed hydrocarbon analyses (DHA) of the eleven GCI fuels are provided in the Appendix. 
Properties of the GCI Fuels
The physical and chemical properties of the eleven formulated fuels were calculated using Aspen HYSYS. The fluid package used for the liquid properties estimate was Peng Robinson. The vapor fraction of the mixture was fixed to 0%. The liquid properties extracted from Aspen HYSYS were viscosity, surface tension, heat of vaporization, vapor pressure, thermal conductivity, mass density, and mass heat capacity. The calculated RON, MON and sensitivity (S=RON-MON) of the eleven fuels are presented in Figure 6 . The targeted RON are also shown in Figure 6 . As expected, the calculated RON values of the eleven GCI fuels are similar to the proposed ones (Table 1) . Moreover, the GCI fuels have different sensitivities with G4, G5 and G7 are almost non-sensitive (S≈0), G11 is highly sensitive and the rest have moderate sensitivities. This variance in sensitivity can be used as a secondary design parameter in the presented GCI fuels because of the realistic range (S=0 to 9). The calculated and targeted densities and T90s of the GCI fuels are shown in Figure 7 . The densities are matching the targeted ones as can be seen from Figure 7 . However, there are some differences between the targeted and calculated T90s (Figure 7b ). The calculated molecular weight (MW), Reid vapor pressure (RVP), lower heating value (LHV), hydrogen to carbon (H/C) ratio and the critical temperature (TCR) of the GCI fuels are presented in Figure 8 . Note that the RVP is plotted on a logarithmic scale. Among the properties shown in Figure 8 , only RVP is regulated for commercial gasoline fuels. In the united states (US) Saudi Arabia, RVP is recommended to be less than 103 70 kPa as per the specifications. It is noted that most of the all GCI fuels are under this threshold except G9 which has a marginally higher RVP (120 kPa). However, the low-density GCI fuels (G7, G8, G9 and G10) have RVP that are marginally higher than the regulated value. The rest of the properties are within the gasoline fuels range. As expected, LHV (Figure 8c ) is directly proportional to the H/C ratio ( Figure 8d ). Finally, the D86 distillation curves (evaporation rate versus temperature) of the GCI fuels are presented in Figure 9 . All the fuels are within the gasoline boiling range. The calculated properties of the GCI fuels are presented in Table 4 . 
Engine CFD Modelling
Numerical Setup
Engine Combustion Chamber Configuration
A single cylinder 4 valve engine with a 14.5:1 geometric compression ratio (CR) is used in this investigation. Table 5 shows the details of the engine specifications. The combustion chamber is originally designed to accommodate stratified charge spark ignition combustion. A multi-hole GDI injector is centrally mounted adjacent to the spark plug ( Figure 10 ). In GCI combustion tests, the spark is disabled as is the case in the subsequent simulations. The operating fuel injection pressure range is 50-250 bars, which is about 10 times lower than a conventional diesel injector. As such, spray atomization and penetration characteristics are expected to be significantly different. For the purpose of this study, a new set of pistons was designed to accommodate the PPC combustion strategy and the pentroof cylinder head design of the base engine. To improve fuel containment, a diesel bowl-like feature was added. It also has a reentry feature to ensure that spray interaction occurs inside the bowl. Figure 11 shows the geometric features of the piston bowl and cylinder head. Prior to performing 3D engine simulations, the spray models need to be calibrated against a spray that is similar to what is used in the current work. Engine combustion network (ECN4) spray G [59] was found to be the closest to the injection considered here in terms of the spray angle (80º), injection pressure (200 bar) and the utilized fuel (iso-octane). A Lagrangian discrete parcel method was used for spray modeling by introducing parcels (groups of droplets) of liquid into the gas phase computational domain with Rosin-Rammler distributions. The in-cylinder region geometry was meshed and used in the subsequent engine CFD simulations. The engine specifications are presented in Table 5 . The base mesh size used in this work was 4 mm. The mesh was refined to 2 mm in a geometrical cylinder that contains the cylinder region. The cylinder region had additional embedding levels with the base grid size of 1mm. The mesh near the nozzle exit was further refined to 0.25mm when during the injection process. In addition to these fixed embedding refinements, temperature and velocity AMR with an embedding level of 3 for each were implemented, resulting in the smallest grid size of 0.25 mm in the domain. This proved to produce grid independent solution for the simulated motored runs and hence the same mesh is utilized for the subsequent GCI cases. Similar grid was utilized by our group in recent works [11, 12, 34, 40] . Kodavasal et al. [42] showed that a finer grid might be needed to reach grid independent solution for reacting cases; however, the current grid was considered sufficient for the objectives of this study which was mainly examining the effect of fuels' properties on the engine performance. The reduced PRF chemical kinetic models developed by KAUST (64 species and 376 reactions) was used in this work [64] . The prediction of NOx emissions was performed using the extended Zedovich thermal NOx model. The soot formation and oxidation were simulated through the two-step Hiroyasu-NSC (Nagle and Strickland-Constable) approach. Acetylene was considered as the inception species in the soot model.
The eleven GCI fuels were used in the engine simulations are the eleven GCI fuels presented earlier. The RON of these fuels range from 40 to 85 and hence require different intake conditions to obtain combustion near top dead center (TDC). The intake pressures and temperatures were set to 1.25bar and 385K for RON85 (G1, G9 and G10), 1.1bar and 333K for RON60 (G2, G5, G6, G7 and G8) and 1.1bar and 298K for RON40 (G3 and G4), respectively. The engine details presented in Table 5 were utilized here. The injection pressure was 150bar, the fuel temperature was 363K and the injected fuel was 14.5 mg/cycle corresponding to an equivalence ratio of 0.3 to 0.33 depending on the intake conditions. 6bar net mean effective pressure (NMEP) is the targeted load point in this work. The start of injection (SOI) was set to -20 to CAD aTDC and the engine speed was 1500 RPM. The presented simulations were performed without exhaust gas recirculation (EGR) and 0.5 swirl ratio was utilized in the subsequent simulations. Closed cycle engine simulations were performed here where only the compression and expansion strokes were modelled. Table 6 below lists the important engine simulation parameters used in the subsequent simulations. The utilized spray rate shape is shown in Figure 12 . This rate shape was derived from a common rail diesel injector. The rate shape of the injector modeled here was not available at the time of the simulations we performed. The rate shape does not change the comparisons and conclusions made in this work and hence the rate shape is provided here for results reproduction. The boundary conditions were obtained from [65] where GT-Power was used to calculate parameters that are relevant to the engine simulations.
PRF surrogates (mixtures of n-heptane and iso-octane) were used in this work. The PRF numbers were set to match RON of the GCI fuels presented in Table 4 . PRF85 (85 vol.% iso-octane and 15 vol.% nheptane) was used as a chemical surrogate for G1, G9 and G10. PRF 83.6 was utilized for G9. PRF60, PRF59.1 and PRF58.3 were used to mimic the autoignition characteristics of G2, G5, G6, G7 and G8 and PRF40 was used to simulate the chemistry G3 and G4. The physical properties of the GCI fuels were calculated from the detailed hydrocarbon analysis (DHA) using Aspen HYSYS and formatted as per CONVERGE requirements. These physical properties were enforced on the PRF surrogates. In other words, the surrogate used in the subsequent simulations burn like a PRF but breakup, evaporate and mix like the actual GCI fuel. This approach has been previously demonstrated to work well [11, 12, 34, 40] . To help facilitating performing CFD simulations using the proposed fuels, the liquid properties of the eleven GCI fuels in CONVERGE format are provided in the Appendix. These liquid data along with the information provided in Table 4 are sufficient to perform various kinds of simulations (0 to 3D) using any of the proposed fuels. In addition, the energy input, that is the injected fuel mass multiplied by the LHV of the GCI fuel, was conserved in the simulations because CONVERGE allows the user to set the LHV of the utilized fuel surrogate mixture used. Table 6 . GCI operating conditions for simulations.
Engine speed (RPM) 1500
Intake pressure (bar) 1.25 for G1, G9 and G10 1.1 for G2, G3, G4, G5, G6, G7 and G8
Intake temperature (K) 385 for G1, G9 and G10 333 for G2, G5, G6, G7 and G8 298 for G3 and G4 
Results and Discussions
Closed cycle engine simulations were performed for G1, G9 and G10 using PRF85 surrogates and the parameters listed in Table 6 . Any differences in the results are associated with the physical properties, the minor differences in RON values and the lower heating values of the fuels. The calculated in-cylinder pressures for RON85 simulations with G1, G9 and G10 physical properties are presented in Figure 13 . As can be seen from Figure 13 , the physical properties of the fuel affect the combustion in CI mode. The combustion is affected by the fuel/air mixing which is dependent on the physical properties of the fuel. In addition, the heat release associated with the heating value of the fuel affect the combustion behavior. It is clear that the combustion phasing is proportional to the density (G1 and G9) and T90 (G9 and G10). The effect of T90 on the combustion phasing is more pronounced compared to the density effect. Further analysis has been performed and the indicated specific fuel consumption (ISFC), the thermal efficiency (TE) maximum pressure rise rate (MPRR), crank angle for 50 and 90% burn (CA50 and CA90), specific soot (sSoot), specific NOx (sNOx) and specific hydrocarbons (sHC) emissions were calculated for the three fuels. The thermal efficiency was presented here to eliminate the effect of the LHVs on the performance of the GCI engine. The results are presented in Figure 14 . Note that the y-axis is logarithmic scale. There are not much differences in ISFC, MPRR and sSoot between the three fuels. The ISFC and TE of G9 are better than G1 and G10. The combustion duration (not shown here) of G10 is longer than G1 and G9 while the HC emissions are significantly lower because of the more complete combustion. NOx from G10 is also slightly lower than G1 and G9. Overall, G9 and G10 yield better GCI engine performance and emissions when compared to G1. Figure 13 . In-cylinder pressures for G1, G9 and G10 engine simulations. Figure 14 . ISFC, TE, MPRR, CA50, CA90, sSoot, sNOx, sHC for G1, G9 and G10.
The same procedure has been followed for RON60 fuels (G2, G5, G6, G7 and G8). Figure 15 shows the in-cylinder pressures and Figure 16 presents the rest of combustion parameters and emissions for the RON60 fuels. Similar trends to the RON85 fuels are observed here for RON60 fuels. In summary, fuels with lower density and/or T90 (G5, G7 and G8) result in earlier combustion phasings and lower overall emissions. Compared to G2, G7 and G8 yielded around 8% and 5.7% improvements in mass-based ISFC and TE, respectively. An improvement of 8.8% in TE was observed with G5 compared to G2. However, NOx emissions are higher for G5, G7 and G8 compared to G2 because of the earlier combustion phasing. Calculating the volume-based ISFC would be useful because consumers pay for fuels on volume basis and hence fuels with higher densities are favorable. Comparing G2 and G8, the volume based ISFC are 254.46 mL/kWh and 269.76 mL/kWh, respectively. It is clear that the trends have reversed where G2 result in lower volume based fuel consumption. The fuel consumption comparison between G2 and G5 does not change when converting it to volume-based because they have the same densities and hence G5 (234.13 mL/kWh) is still more favorable than G2 and yield better fuel consumption.
The RON40 fuels (G3 and G4) were also simulated in the same engine configuration and the in-cylinder pressures and the combustion parameters and emissions of the RON40 fuels are presented in Figure 17 and Figure 18 , respectively. The same observations are made here except that the higher LHV value of G4 resulted in a maximum in-cylinder pressure that is higher than that of G3 yielding a significantly lower ISFC and HC emissions. Also, the TE of G4 is significantly improved compared to G3 which means that optimum combustion phasing and minimum heat loss are obtained when using G4 instead of G3. In fact, the lowest mass-based ISFC and highest TE among the 10 simulated fuels is from G4 (169.68 g/kWh and 47.98%). G4 (238.98 mL/kWh) has lower volume-based fuel consumption compared to G3 (254.44 mL/kWh). Similar to RON85 and RON60 fuels, the lower T90 of G4 resulted in better incylinder mixing and hence significantly lower sSoot emissions.
The presented engine CFD simulations are just an illustrative example of how the physical and chemical properties of the fuels affect the combustion and emissions at GCI engine operation. Sensitivity was not accounted for in these simulations which were performed at only one engine condition (no-EGR low-load case). Accounting for sensitivity by using different surrogates such as toluene primary reference fuels (TPRF) can be a way to improve the predictions and highlight the effect of sensitivity on GCI combustion. Furthermore, simulating other engine conditions such as high-EGR and high-load can be very useful to examine the effect of engine operating range on the differences caused by the fuels' properties. Figure 15 . In-cylinder pressures from G2, G5, G6, G7 and G8 engine simulations. Figure 16 . ISFC, TE, MPRR, CA50, CA90, sSoot, sNOx, sHC from G2, G5, G6, G7 and G8. Figure 17 . In-cylinder pressures from G3 and G4 engine simulations. Figure 18 . ISFC, TE, MPRR, CA50, CA90, sSoot, sNOx, sHC from G3 and G4.
Summary/Conclusions
A GCI fuel matrix containing eleven standardized fuels was proposed here based on physical and chemical properties that are relevant to GCI combustion. The properties used to design the matrix were determined to be density, RON and T90. The proposed fuels were theoretically formulated using equations of state and their compositions and properties were calculated and discussed. 3D CFD GCI engine simulations were performed to investigate the similarities and differences in the combustion parameters and engine-out emissions between the proposed GCI fuels at part load conditions. It is noted that fuels with lower densities and T90 yield better massbased fuel consumptions and engine-out emissions. The content of this work might be very useful to the GCI engine research community because of the standardized nature of the proposed fuels and the ranges of the considered parameters. In addition, the engine simulations present the research community with information about the directions the GCI engine take with these fuels. 
Hao, H., Liu, F., Liu, Z., and Zhao, F., "Compression ignition of low-octane gasoline: Life cycle energy consumption and greenhouse gas emissions," Appl. Table A2 . GCI fuels liquid data for CONVERGE simulations. We are grateful for the thorough reviews which have led to a significantly improved version of the manuscript. Most of the comments were adopted here. Other comments are rebutted but clarifications were added to the revise manuscript. Each point made by the reviewers is now addressed:
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The changes made in the revised manuscript that are based on the comments of Reviewer#1 are highlighted in "Yellow".
We first want to thank the reviewer or the comments which led to a significantly improved version of the manuscript. A decent amount of work has been done to improve the manuscript as per the reviewer's comments. We have also included new material especially in the CFD results section where we looked at the thermal efficiency and the volumetric fuel consumption. We therefore greatly appreciate if you can reevaluate the manuscript and consider changing the ratings if needed.
1. Many statements lack proper referencing. It is unacceptable to make unjustified sweeping statements like "many previous studies have ..." without any studies being cited. Even more grievous is that this whole study rests on the selection of density, RON and T90 as the orthogonal FACE fuel property variables, but the justification of these properties' selection is: "Previous GCI engines studies revealed that the density, T90 (or final boiling point (FBP)) and the RON of the GCI fuel are more influential than other physical and chemical properties when it comes to GCI engine operation." (without any literature referencing whatsoever!)
We apologize for not citing any references in those statements. We have now fixed this and included most of the relevant references in the revised version. This has been added to page 1: "Certain fuel properties could affect the performance of the engine because since GCI combustion greatly depends is dependent on mixture stratification and as well as chemical kinetics [11, 12, 34, [39] [40] [41] [42] ."
This has also been added to page 2: "Many previous studies have investigated the GCI combustion mode operating on fuels that are more reactive than commercial gasolines and have less reactivity compared to diesel fuels. These fuels are usually blended from various straight-run gasoline refinery streams. The research group at Saudi Aramco and its collaborators have extensively studied the combustion of many of these fuels in GCI engine operation at a wide range of operating conditions [4, 11, 12, 24, 26, 34, 35, 37, 38, 40, [48] [49] [50] ." 10/19/2016 2. My fundamental objection to the methodology of the study: while density, T90 and RON are certainly critical to GCI fuel performance, I would regard MON (or octane sensitivity) as too critical to be neglected in this analysis and possibly other key properties as well. I therefore regard this 3D property based approach as flawed and of negligible value. The logical flow of the literature review and introduction to the study also jars the reader in this regard, since the former highlights studies which showed a number of properties to be important to GCI, while the latter then suddenly selects density, T90 and RON, neglecting other key properties, without any referenced or logical justification.
We agree with the reviewer about the fact that other physical (such as heat of vaporization) and chemical (such as sensitivity) properties might also affect the combustion and emissions in GCI engine operation. However, design parameters needed to be determined because it was not possible to propose a standardized matrix considering all the possible influential properties. We have decided to go for the density, T90 and RON because the literature we have collected suggests that these are influential more than others as cited in the revised version. We have not found any published paper detailing the importance of sensitivity on GCI combustion and therefore S was not favored over the chosen ones to be one of the design variables. Also, we have not neglected the other physical and chemical properties of the proposed GCI fuels. We simply used density, T90 and RON as the design parameters, proposed and formulated the matrix. It is obvious that, after calculating the properties of the proposed fuels, the other physical and chemical properties are scattered over a realistic range. The sensitivity of the GCI fuels ranges from 0 to 9 and therefore, S can be looked at as a secondary design parameter when it comes to using one of the proposed fuels.
The same approach was used by the Cooperative Research Council when proposing the FACE fuels. They have picked RON (sensitivity), aromatics and n-paraffinic contents to be the design variable when proposing standardized fuels for spark ignition engine combustion. It is very well known that the heat of vaporization and the flame speeds significantly affect the combustion in SI mode. However, these were not included in the design variables. It cannot be that RON (S), aromatics and n-paraffinic contents are the only influential properties in SI combustion mode, however, the authors needed to design a standardized matrix and therefore had to use the most influential ones to design the matrix and the leave the other properties to be secondary design variables.
We have now added a more detailed description of how the design parameters were chosen. A new paragraph is now added to page 2:
"The determination of the design parameters depends on the engine combustion mode and operating conditions. In spark ignition mode, it was previously shown that RON, sensitivity, aromatics and n-paraffinic contents were chosen to be the design parameters because of their primary importance to the performance of advanced gasoline-fueled spark ignited engines. This was used to propose and formulate the Fuels for Advanced Combustion Engines (FACE) gasolines [47] . In HCCI mode, T90 is not critical because of the very early injections where the fuel completely evaporates and premixes with air long before combustion occurs. However, the charge cooling due to the latent heat of vaporization is important because the in-cylinder temperature and equivalence ratio distribution is the main controlling parameter in compression ignition mode. In high-load diffusion combustion mode, T90 and latent heat of vaporization are not essential because of the late injections which occur at high in-cylinder pressures and temperatures. These high pressures and temperatures cause instantaneous vaporization and ignition of the fuel. Perhaps, the viscosity of the fuel is an important design parameter at these engine conditions because it affects the spray exit velocities and hence the breakup, mixing and combustion. In this work, the partially premixed compression ignition (PPCI) where injections occur between -50 to -20 CAD aTDC is the targeted combustion mode. Previous PPCI engines studies revealed that the density [39], T90 (or final boiling point (FBP)) [34, 39, 41] and the RON [10, 13, 34, [48] [49] [50] [51] of the GCI fuel are more influential than other physical and chemical properties when it comes to in PPCI GCI engine operation. Other properties such as the heat of vaporization, lower heating value, hydrogen to carbon ratio, sensitivity, etc. might differently affect the PPCI combustion however, the density, T90 and RON were chosen to be the design parameters in this study. Therefore, the abovementioned properties are shown and discussed more than others in this work." 10/19/2016 thoroughly impractical. One would therefore conclude that this study is aimed at generating theoretical insight, rather than a trajectory toward real-world GCI fuels?
We thank the reviewer to point this out. We have reformulated G7, G8, G9 and G10 to have reasonable RVP values. The new fuels have RVPs that are less than 120 kPa which is very close to the specified values in many areas in the world including the US (110 kPa). The tables, figures and the text have been updated.
The economical viability of the proposed fuels was not a motive in the current work. As mentioned in the manuscript, the purpose of the work is to propose standardized GCI fuels that are scattered over a realistic range of values for different relevant properties. And yes, these fuels are only theoretically possible and we have not looked into the possibility of making these in a real refinery. The second phase of this work would be to try to blend some or all of these fuels using real refinery streams and make them available to the engine research community similar to FACE gasolines.
4. This study's methodology is further undermined by the use of PRF85 PRF60 and PRF40 as chemical surrogates for the GCI fuels in the numerical engine simulations. Not only does this approach smudge out minor differences in target and theoretical RON values of the fuels, but it also obliterates the effects of octane sensitivity, which is a critical property in auto-ignition modelling.
To use this sort of methodology and then present results on simulated engine fuel consumption and emissions is bogus and the conclusions made in the paper are unsurprisingly weak and erroneous.
We thank the reviewer for bringing this up. We have now rerun all the simulations with PRF surrogates that are equivalent to the RON values of the individual GCI fuels. For example, PRF85 was used as a chemical surrogate for G1 and G10. PRF83.6 was used to simulate the combustion of G9. Therefore, the minor differences in the RON values between the different fuels have been accounted for in the revised version. The text and Figures have been updated accordingly. The text on page 7 has been updated to read:
"PRF surrogates (mixtures of n-heptane and iso-octane) were used in this work. The PRF numbers were set to match RON of the GCI fuels presented in Table 4 . PRF85 (85 vol.% iso-octane and 15 vol.% n-heptane) was used as a chemical surrogate for G1, G9 and G10. PRF 83.6 was utilized for G9. PRF60, PRF59.1 and PRF58.3 were used to mimic the autoignition characteristics of G2, G5, G6, G7 and G8 and PRF40 was used to simulate the chemistry G3 and G4."
Non-sensitive PRF surrogates were used for simplification purposes and to focus on the effects of the physical properties of the fuels on the GCI combustion and emissions. In addition, the only way of accounting for sensitivity is by using toluene primary reference fuels (TPRF), mixtures of toluene, iso-octane and n-heptane, to match the RON and MON of the targeted GCI fuel. Having only toluene to account for the sensitivity can be very misleading and concentrations as high as 50% toluene might be needed to match the sensitivity of 8 or 9. Finally, the presented CFD simulations are just one example of how the properties of the fuels can affect the GCI combustion and surely there are ways of improving and extending the simulations. A paragraph is now added to page 9 clarifying this. "The presented engine CFD simulations are just an illustrative example of how the physical and chemical properties of the fuels affect the combustion and emissions at GCI engine operation. Sensitivity was not accounted for in these simulations which were performed at only one engine condition (no-EGR low-load case). Accounting for sensitivity by using different surrogates such as toluene primary reference fuels (TPRF) can be a way to improve the predictions and highlight the effect of sensitivity on GCI combustion. Furthermore, simulating other engine conditions such as high-EGR and high-load can be very useful to examine the effect of engine operating range on the differences caused by the fuels' properties. Table 1 .
We apologize for this typo. The RON of G2 is meant to be 60 not 65. This is now fixed in the revised version.
5. Is the reduced mechanism used in the simulation study already published? If yes, provide the specific reference. If not, provide mechanism validation results for 0D ignition delays against literature experimental data at engine relevant conditions.
The reduced mechanism has just been reviewed and accepted to be presented in the 2018 SAE world congress. The reference is now added in the revised version.
6. Where was the spray rate shape in Figure 12 obtained from? Was it based on experiments? Clarify.
The rate shape used in our simulations was derived from a common rail diesel injector. At the time of the simulations we performed, we did not have the rate shapes of the injector we have modeled. The rate shape won't change the comparisons and conclusions made in this work and hence the rate shape is provided here for results reproduction. The following text is added on page 8: "This rate shape was derived from a common rail diesel injector. The rate shape of the injector modeled here was not available at the time of the simulations we performed. The rate shape does not change the comparisons and conclusions made in this work and hence the rate shape is provided here for results reproduction." 7. How were the boundary temperatures (Table 5 ) calculated? Were they prescribed arbitrarily or based on a 1D GT-Power model? Clarify. Also, what in-cylinder swirl was prescribed at IVC?
Couple of sentences and references have now been added to page 7 to describe the process of obtaining the boundary conditions. 8. The authors should provide "some" CFD validation results against experiments, at least for one operating point and fuel blend.
Unfortunately, no experimental data are yet available for the simulated combustion chamber geometry. This is an ongoing work and validation will be provided in future work. However, the spray models have been validated against reliable ECN spray data. This is a major step in obtaining good validation against engine data.
9. There are quite a few grammatical errors throughout the paper. The authors are suggested to proofread the manuscript rigorously.
The manuscript has been thoroughly checked for grammatical errors and typos. The changes are highlighted in "Grey".
10/19/2016 critical because of the very early injections where the fuel completely evaporates and premixes with air long before combustion occurs. However, the charge cooling due to the latent heat of vaporization is important because the in-cylinder temperature and equivalence ratio distribution is the main controlling parameter in compression ignition mode. In high-load diffusion combustion mode, T90 and latent heat of vaporization are not essential because of the late injections which occur at high in-cylinder pressures and temperatures. These high pressures and temperatures cause instantaneous vaporization and ignition of the fuel. Perhaps, the viscosity of the fuel is an important design parameter at these engine conditions because it affects the spray exit velocities and hence the breakup, mixing and combustion. In this work, the partially premixed compression ignition (PPCI) where injections occur between -50 to -20 CAD aTDC is the targeted combustion mode. Previous PPCI engines studies revealed that the density [39], T90 (or final boiling point (FBP)) [34, 39, 41] and the RON [10, 13, 34, [48] [49] [50] [51] of the GCI fuel are more influential than other physical and chemical properties when it comes to in PPCI GCI engine operation. Other properties such as the heat of vaporization, lower heating value, hydrogen to carbon ratio, sensitivity, etc. might differently affect the PPCI combustion however, the density, T90 and RON were chosen to be the design parameters in this study. Therefore, the abovementioned properties are shown and discussed more than others in this work." 5. Does the reader really need to Figures 1, 2 and 3 as well as Table 1 ? I think these items should be condensed to be more concise.
We believe that Figures 1 and 2 are needed to show how these fuels were originated. Table 1 The linear-by-mole blending rule is proven to be more accurate than linear-by-volume for multi-component mixtures. More accurate blending rules exist in literature, however due to the complexity level and the objective of this work, it was decided to go for the linear-by-mole model. A paragraph is now added to page 4 explaining this. [56] developed a multi-variable detailed gasoline composition-base octane model. However, the linear-by-mole was chosen here because it was easier to be handled by the optimization solver. Also, the accuracy of the octane number prediction is not the main objective of this work." 8. Figures 6,7,8 or perhaps an additional table should show the differences between the target GCI matrix properties and those determined by ASPEN.
Thank you for the suggestion. Figures 6 and 7 have been updated to show the targeted values on RON, T90 and density. Also, an additional table that contains all calculated properties has been added. 9 . What equivalence ratio are your simulations run at ( Table 5 )?
The equivalence ratio details are now added to page 7.
10. The statement on page 7 "Any differences in the results are associated with the physical properties of the fuels", needs additional clarification. The fuels you are using have different LHVs, so have you injected the same amount of chemical energy into the cylinder in each simulation? Could these differences impact the combustion event? This also relates to my previous question about equivalence ratio, as it is will also differ across the range of fuels.
This sentence has been updated to include the lower heating value and RON differences effects. It now reads: 10/19/2016 "Any differences in the results are associated with the physical properties, the minor differences in RON values and the lower heating values of the fuels."
Regarding the chemical energy, the injected mass was kept constant and not the chemical energy. Hence, fuels with different LHV will have different total chemical energy and therefore, the heating values do affect the combustion. The equivalence ratio is different because it is a function of the intake conditions and the surrogate used. When comparing fuels with the same RON, these are usually have very similar PRF surrogates and since the intake conditions are 11 . Be careful what you say about fuel density in the conclusions. On a mass basis (g/kWh) they look favorable, but we pay for gasoline at the pump on a volume basis.
We have updated the discussion about the mass-based fuel consumption. We have also presented the volume-based fuel consumptions and the text on page 10 now reads: "Compared to G2, G7 and G8 yielded around 8% and 5.7% improvements in mass-based ISFC and TE, respectively. An improvement of 8.8% in TE was observed with G5 compared to G2. However, NOx emissions are higher for G5, G7 and G8 compared to G2 because of the earlier combustion phasing. Calculating the volume-based ISFC would be useful because consumers pay for fuels on volume basis and hence fuels with higher densities are favorable. Comparing G2 and G8, the volume based ISFC are 254.46 mL/kWh and 269.76 mL/kWh, respectively. It is clear that the trends have reversed where G2 result in lower volume based fuel consumption. The fuel consumption comparison between G2 and G5 does not change when converting it to volume-based because they have the same densities and hence G5 (234.13 mL/kWh) is still more favorable than G2 and yield better fuel consumption."
